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Abstract: In most materials, short stress waves are generated during the process of plastic deformation, phase transformation, crack 
formation and crack growth. These phenomena are applied in acoustic emission (AE) for the detection of material defects in a wide 
spectrum of areas, ranging from nondestructive testing for the detection of materials defects to monitoring of microseismical activity. AE 
technique is also used for defect source identification and for failure detection. AE waves consist of P waves (primary/longitudinal waves), 
S waves (shear/transverse waves) and Rayleigh (surface) waves as well as reflected and diffracted waves. The propagation of AE waves in 
various modes has made the determination of source location difficult. In order to use acoustic emission technique for accurate 
identification of source, an understanding of wave propagation of the AE signals at various locations in a plate structure is essential. 
Furthermore, an understanding of wave propagation can also assist in sensor location for optimum detection of AE signals along with the 
characteristics of the source. In real life, as the AE signals radiate from the source it will result in stress waves. Unless the type of stress 
wave is known, it is very difficult to locate the source when using the classical propagation velocity equations. This paper describes the 
simulation of AE waves to identify the source location and its characteristics in steel plate as well as the wave modes. The finite element 
analysis (FEA) is used for the numerical simulation of wave propagation in thin plate. By knowing the type of wave generated, it is 
possible to apply the appropriate wave equations to determine the location of the source. For a single plate structure, the results show that 
the simulation algorithm is effective to simulate different stress waves. 
Key words: Acoustic Emission, wave propagation, lamb wave. 
1 INTRODUCTION 
Acoustic Emission (AE) is an important branch of nondestructive 
testing (NDT). It has two main advantages over other methods: AE is 
a dynamic method capable of continuous testing and in-situ 
monitoring of structures without any shutdown or stoppage. 
Secondly, AE is passive technique and thus there is no need to apply 
any signal from outside (Geng, 2006). Because of these advantages 
AE is rapidly emerging as a popular and powerful technique 
(Holford et al., 2009). The disadvantages of AE are interference of 
background noise, lack of understanding of AE source mechanism 
and distortion during wave propagation (Geng, 2006). 
Propagation of AE waves in solid media is highly complex 
(Holford & Lark, 2005).It can be categorised in to four different 
modes according to particle movement as longitudinal, transverse 
or shear, surface and plate waves. In infinite medium waves 
propagate as bulk waves in two basic modes: longitudinal and 
transverse. When a boundary is introduced the longitudinal and 
transverse waves combine in the region close to the surface and 
compression produces a transverse displacement (Holford & Lark, 
2005). Thus the overall particle motion is not purely longitudinal or 
transverse. This type of surface waves are called Rayleigh wave 
and is found in semi infinite solid. In a media bounded by two 
surfaces such as plates, surface waves can couple to produce 
complex propagation modes called plate waves. These can be 
Lamb waves, where particle vibration has a component 
perpendicular to the surface or the waves, or love waves where 
particle vibration is parallel to the plane layer and perpendicular to 
wave motion (Holford & Lark, 2005). Lamb waves occur in two 
basic modes: Symmetric (S0) or extensional modes mainly having 
in plane displacement and Asymmetric (A0) or flexural modes that 
mainly have out of plane displacement and is shown in Fig. 01 
(Peng Ye, Meng, Mustapha, & Li, 2010). Higher order modes can 
exist as well but is insignificant in practice. Different wave modes 
can occur in the plate as the wave frequency and angle of incidence 
is varied (Rose, 1999). The velocity of lamb wave depends on the 
product of material thickness and frequency. 
Modelling guided waves propagation can be done analytically as 
well as numerically. In analytical approach, the governing 
differential equations are solved analytically and the associated 
boundary conditions are applied. Analytical approach is suitable 
for simple geometries and perfect specimens. For complex 
geometries, numerical solution is easier than that of analytical 
solutions. There are two methods to solve this kind of problem 
numerically: the finite element method (FEM) and boundary 
element method (BEM). The advantage of FEM is that there are 
numerous user friendly commercial FE codes available to handle 
this kind of problems. 
In order to get significant results, FEM model developed must be 
able to accurately represent stress waves in MHz range. These high 
frequencies require very small time steps or time increment 
between calculated solution points as in µs range. In addition, these 
MHz frequencies have very short wave length and in order to 
resolve these features, the numerical model must have small 
element size as in mm range or below. Thus, the FE model will 
require significant computational cost to handle these types of 
models with large number of elements and smaller time steps. The 
advent of increased computer power and greater availability of 
software have made these simulation problems easy to be done. 
Much research has been done to simulate guided wave in thin flat 
plates. A 2D finite element model was developed and studied by 
Han (2007) in order to separate and study fundamental lamb wave 
modes in case of thermal loading . It was also found that FEM and 
general purpose FE softwares can provide good results for lamb 
wave propagation (Gudimetla, Kharidi, & Yarlagadda, 2009) but 
need large memory space and long calculation time. In order to 
avoid these problems, the hybrid technique which is a combination 
of theoretical solution and FEM or BEM is developed (Hayashi, 
2004). Semi Analytical FE method was also developed as a special 
solution of FEM. Recently Spectral Element was used in order to 
reduce the computational cost of FEM and it was seen that the 
CPU time is reduced considerably (Peng et al., 2010). Guided wave 
propagation for both the thin and thick plate were studied by 
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Gorman and Prosser (1996) depending on the classical plate 
theory. According to classical plate theory, extensional waves are 
nondispersive (not dependant on frequency) and the flexural waves 
are dispersive (dependant on frequency) which are valid at lower 
frequency range and is not applicable for higher frequency range 
(Ghoshal et al., 2007). 
The objective of this research is to conduct some introductory 
study to simulate guided wave propagation in thin plate to 
investigate the characteristics of the AE source or crack. The 
analysis is simplified as 2D plain strain problem and is analysed by 
full transient method. 
2 ANALYTICAL SOLUTION 
The geometry of free thin long plate has a known analytical 
solution (the Rayleigh-Lamb equation) (Rose, 1999) of the 
following form: 
                                           
                
                                         
 
 
where, 
                                                                              
        
These equations can be used to determine the velocity of the wave 
at a particular frequency (fh or fd product) which will propagate in 
a thin plate. The equations look simple, but can only be solved by 
numerical method. The positive and negative real roots of the 
equations indicate the propagation of wave in negative and positive 
direction. The guided wave consists of multiple symmetric and 
asymmetric lamb wave modes which can exist and the coexistence 
of higher order modes occur as the frequency- thickness products 
increased. The dispersion curves obtained from (1) to (4) showing 
fundamental S0 and A0 modes along with some higher order modes  
for 1 mm thin steel plate are shown in the following Fig. 01. From 
the dispersion relation for the 1 mm thin plate, in Fig. 01 it is found 
that for frequency- thickness product less than 1.6 MHz-mm only 
two fundamental modes (S0 & A0) can be obtained. If the 
frequency-thickness product is higher than this value more than 
two modes will be present causing the wave propagation more 
complex. 
 
   
 
 
 
 
 
 
 
 
 
FIGURE 01: Dispersion Curve for 1 mm thin steel plate (Vallen 
Systeme GmbH, 2009) 
3 COMPUTATIONAL MODEL 
The general equation of motion is represented as follows: 
 
 
Where M is the structural mass matrix; C is the structural damping 
matrix; K is the stiffness matrix; fa is the vector of applied load; u”, 
u’, and u are the acceleration, velocity and displacement vectors, 
respectively. Damping is not considered here as it is as an ideal 
case (Moser, Jacobs, & Qu, 1999). In order solve the equation, 
Newmark time integration method can be used. Choosing an 
adequate integration time step (Δt) is very important for the 
accuracy of the solution. The accuracy of the model can be 
increased with small integration time steps. On the other hand, with 
larger time step, the high frequency components are not resolved 
accurately (Moser et al., 1999). Thus a compromise must be made 
in order to get the critical time step, beyond which the results will 
be erroneous. In order to avoid spatial aliasing due to finite element 
discretization, the size of the elements is chosen so that the 
propagating waves are spatially resolved (Han, 2007). 
In this research, a 500 mm long and 1 mm thin plate is modelled, 
as shown in Fig. 02. The width of the plate is infinite and the 
problem is reduced to a 2D problem as shown in Fig. 02 where the 
source location is at A and the output location is at B. 
 
 
 
 
FIGURE 02: Source and output location in a free thin plate (not to scale) 
The material Properties used for steel and the wave speeds are 
summarised in Tab. 01 as follows: 
TABLE 01: Material properties and wave velocities 
Young‘s 
Modulus  
Poisson‘s 
ratio 
 
Density 
Longitudi
nal wave 
velocity 
Transverse 
wave 
velocity  
200 GPa 0.33 
7,710 
kg/m3 
6,199 
m/sec 
3,122  
m/sec 
From Fig. 01 it is seen that at frequency-thickness product of 
0.5MHz-mm, the group velocity of symmetric mode is 
comparatively higher than that of asymmetric mode and thus at this 
frequency-thickness product it is easy to distinguish these two 
modes. Thus, considering 400 KHz frequency as the maximum 
frequency and the material properties of steel, it is possible to 
calculate the minimum wave length, required element length and 
time step to simulate the model.  The lowest phase velocity or the 
transverse wave speed and shortest wave length sets the maximum 
grid size: 
CT   = 3122 m/sec    
Smallest wave length, λ min = CT/fmax                                        (6) 
Minimum element edge length, Le < λ min/20                             (7) 
Using the above criterion, it is found that the minimum wave 
length should be smaller than 0.39 mm. On the other hand, to get 
accurate time step, according to Newmark time integration scheme 
(Han, 2007): 
Δt <1/10fmax             (8) 
Frequency-thickness Product (MHz-mm) 
G
ro
up
 V
el
oc
ity
 (
m
//m
s)
 
    tan(qh)    
    tan(ph)    = 
4k2pq 
(q2-k2)
For symmetric mode                 (1) 
    tan(ph)    
    tan(qh)    
= 4k2pq 
(q2-k2) 
 For antysymmetric mode            (2) 
P2 = 
q2 = 
ω2 /CL
2 – k2                                                                           (3) 
ω2 /CT
2 – k2                                                  (4) 
Mu" + Cu’+ ku =  fa                                                   (5) 
S0 
A0 
S1 
A1 
S2 
A2 
A2 
S3 
 
 
 A                              B                C                                                        
200mm 100mm 200mm 
 1mm 
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Considering this criterion, it is found that Δt should be smaller than 
0.125 µs. Tab. 02 provides a summary of the simulation model: 
TABLE 02: Material model 
Thickness  Length 
 
Element 
Element 
length  
Time step  
500mm 1 mm 2D Solid 0.25 mm 1 µs 
4 RESULT AND DISCUSSION 
Wave propagation in plate is simulated using full transient method. 
A crack is simulated as a half sin wave which looks almost like a 
triangle but doesn‘t have any sharp peak. The wave propagation 
was investigated separately for both in plane and out of plane 
source to simulate the source characteristics. The time duration of 
the signal depends on the central frequency. For 400 KHz signal 
the time duration will be 1.25 µs and it is shown in Fig. 03. 
 
FIGURE 03: In plane & out of plane excitation signal in a free thin plate 
From the displacement response along x direction at distances 200 
mm and 300 mm from the source for in plane excitation shown in 
Fig. 04 & 05, respectively, it is observed that both S0 and A0 modes 
are excited simultaneously by the excitation. As the group velocity 
of different lamb wave modes are not identical, they are separated 
and the waves are reflected finally from the right end of the model. 
 
FIGURE 04: UX displacement at point B for in plane excitation 
 
FIGURE 05: UX displacement for in plane excitation at point C 
 
FIGURE 06: UX displacement at point B for out of plane excitation 
 
FIGURE 07: UX displacement at point C for out of plane excitation 
Similarly from the displacement response along x direction at 
distances 200mm and 300 mm for out of plane excitation shown in 
Fig. 06 & 07, respectively, it is observed that both S0 and A0 modes 
are excited simultaneously by the excitation. As the group velocity 
of different lamb wave modes are not identical, they are separated 
and the waves are reflected finally from the right end of the model. 
But here A0 mode is dominant where as for in plane excitation S0 
mode is dominant. From dispersion curves shown in Fig. 01, it is 
seen that in 0-1 MHz frequency range, A0 mode is dispersive and 
S0 mode velocity is almost constant. Because of this dispersive 
nature of A0 mode, it is tough to see reflected S0 mode from A0 
mode in this case. 
From simulation of in plane source it is found that extensional 
wave (S0) velocity is 5.28 m/ms and flexural wave (A0) velocity is 
3.06 m/msec. Similarly for out of plane source S0 wave velocity is 
5.26 m/ms and A0 wave velocity is 3.06 m/msec. From analytical 
result the extensional and flexural wave velocities are 5.41 m/msec 
and 2.80 m/ms thus agree with the simulation result. The little 
disagreement is because of difference in material properties as 
standard steel properties are used in case of analytical solution by 
(Vallen Systeme GmbH, 2009). 
Using velocities of these two different modes, it is possible to 
calculate the source of the crack just using only one single sensor. 
The equation used in this case is as follows (Holford & Lark, 
2005): 
D = Δt.C1.C2/ (C1-C2)                     (9) 
Where C1 and C2 are velocities of different modes and Δt is the 
time difference in arrival of these modes. Using this equation 
distance of the source is found as 200 mm where as the actual 
distance is also 200 mm. 
Comparison of two types of source shows that in plane source such 
as crack generation produces waves where extensional mode is 
dominant where as out of plane source or impact produces mainly 
flexural types of wave. 
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5 CONCLUSIONS 
In this work, an artificial in-plane and an out of plane source are 
created by applying a pulse in x direction and in y direction 
respectively. It has shown that the finite element analysis can be 
used efficiently to simulate wave propagation in thin plate as well 
as it is possible to get information about the characteristics of the 
source and the distance of the source. The result shows that there is 
a good agreement between the analytical and simulation results of 
wave propagation for a perfect structure. 
In this paper, the plate is simulated here as a 2D problem. But in 
reality the crack can be at any place in 3D and the reflection and 
propagation pattern will be more complex and more measures 
should be taken. In order to identify the defects, this analysis can 
be extended to different type of sources in 2 and 3-D models, with 
in-plane and out of plane crack simulations. These are our future 
research. 
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